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Abstract 17 
This study was initiated to evaluate the potential of near infrared reflectance (NIR) 18 
spectroscopy to predict in vitro gas production parameters of botanically complex herbage 19 
samples. A total of 94 herbage samples harvested in natural meadows located in the mountains 20 
near León in Northwest Spain were analyzed to determine their chemical composition. In 21 
addition, all herbage samples were incubated in vitro in buffered rumen fluid to determine 22 
fermentation kinetics using a gas production technique, and scanned in a spectrophotometer to 23 
obtain NIR spectra. Prediction equations showed that NIR spectra could explain a high 24 
proportion of the variability (R2 > 0.94) related to some in vitro gas production parameters (e.g., 25 
fractional rate of fermentation (c) and extent of degradation in the rumen at different passage 26 
rates (ED03 and ED06)) of the calibration set (n = 62). When these NIR equations were applied to 27 
the validation set (n = 32), most parameters were satisfactorily predicted with standard errors of 28 
prediction (SEP) of 3.88 ml for gas production at 24 h of incubation (GP24), 2.71 ml for 29 
asymptotic gas production (A), 0.0038 for c, 0.020 for ED03 and 0.018 for ED06, accounting for 30 
less than 7% of the corresponding mean value. However, lag time (L) could not be predicted by 31 
NIR spectroscopy. The SEP was always lower when NIR spectra were used as predictors in 32 
comparison with chemical composition, perhaps because spectra contained information about 33 
feed constituents as well as physical properties of the samples. Nevertheless, results suggest the 34 
need for improved standardisation of this gas production procedure, to minimize the influence of 35 
sources of experimental error to increase repeatability and reproducibility, in order to obtain 36 
accurate NIR determination of feed fermentation kinetics and of parameter estimates. 37 
Keywords: Gas production; NIR; chemical composition; herbage 38 
Abbreviations: A, asymptotic gas production; ADF, acid detergent fibre; ADIN, acid detergent 39 
insoluble N; ADL, acid detergent lignin; c, fractional rate of fermentation; CP, crude protein; d 40 
144, DM disappearance at the end of the fermentation time; ED03 and ED06, effective ruminal 41 
degradability of DM at different rumen passage rates; GP24 and GP96, gas production at 24 and 42 
METH 19 
 
 3
96 h of incubation; L, lag time before degradation started; LIG, degree of lignification of the cell 43 
wall; MSPE, mean square prediction error; NDF, neutral detergent fibre; NIR, near infrared 44 
reflectance; RPD, ratio performance deviation; SEC, standard error of calibration; SECV, 45 
standard error of cross-validation; SEP, standard error of prediction; UM, UR and UD, proportion 46 
of MSPE corresponding to the bias, regression and unexplained variance, respectively. 47 
 48 
1. Introduction 49 
In vivo digestibility predicts the animal response to a dietary treatment, but cannot describe 50 
dynamics of nutrient supply.  Thus results are generally restricted to the experimental conditions 51 
under which the measurements were made (López et al., 2000).  In addition, in vivo digestion 52 
studies are expensive and not readily applicable to large numbers of samples, or when small 53 
quantities of feedstuff are available. In order to avoid these problems, in vitro and in situ 54 
methods have been used extensively in ruminant nutrition studies (Givens and Deaville, 1999). 55 
These procedures provide information on fermentation kinetics, which can be incorporated to 56 
integrated compartmental models in order to predict events in the rumen (López et al., 2000). 57 
However, an in vitro gas production technique (Menke et al., 1979; Menke and Steingass, 1988; 58 
Theodorou et al., 1994) is even less animal dependent, and can be automated (Cone et al., 1996), 59 
thereby considerably reducing labour needs vs. in situ methods.  60 
Another technique used in feed evaluation is near infrared reflectance spectroscopy (NIRS), 61 
an analytical method that has proved useful in estimating chemical composition (Norris et al., 62 
1976; García-Ciudad et al., 1993; Reeves III, 1997; Pram Nielsen et al., 2001) and in vivo 63 
digestibility (Guzmán et al., 1996; Gordon et al., 1998; Naydenova et al., 1998; Park et al., 1998) 64 
of a wide range of forages. Use of this procedure to predict gas production parameters of forages 65 
is of great interest (Murray, 1993), if it could provide information on ruminal fermentation 66 
kinetics in a simple, rapid and accurate method and, most importantly, obviate the necessity of 67 
using cannulated animals as donours of rumen liquid. There is, however, little information 68 
available examining the accuracy of NIRS prediction equations for gas production parameters.  69 
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This study was initiated to assess and compare the ability of chemical composition data and 70 
NIR spectra to predict gas production parameters of botanically complex herbage samples 71 
obtained from natural meadows located in the mountains near León in Northwest Spain. 72 
 73 
2. Materials and Methods 74 
2.1. Feed Samples 75 
This research was completed with 94 herbage samples harvested after the spring primary 76 
growth, and again after the summer/autumn secondary re-growth, of permanent meadows (i.e., 77 
plant communities classified within the vegetation type Arrhenatheretalia that according to 78 
Rodwell et al. (2000) are defined as pastures on well-drained, relatively fertile mineral soils) 79 
located in the mountains near León in Northwest Spain at an altitude of 900 to 1450 m. 80 
Predominant forage species were Alopecurus pratensis L., Anthoxanthum odoratum L., 81 
Arrhenatherum elatius (L.) Beauv. ex J.& K. Presl., Bromus hordeaceus L., Cynosurus cristatus 82 
L., Dactylis glomerata L., Festuca rubra L., Holcus lanatus L., Lolium perenne L., Poa 83 
pratensis L., Poa trivialis L., Trisetum flavescens (L.) Beauv., Trifolium pratense L., Trifolium 84 
repens L., Bellis perennis L., Carum carvi L., Centaurea nigra L., Cerastium fontanum Baumg., 85 
Plantago lanceolata L., Ranunculus bulbosus L., Rumex acetosa L., Taraxacum officinale G.H. 86 
Weber ex Wiggers and Veronica arvensis L. The proportion of each species in the herbage 87 
samples was highly variable and, due to the three harvest seasons (i.e., spring, summer and 88 
autumn) and the various cutting dates within each season, plants were at very different stages of 89 
maturity. Samples were oven dried at 60ºC and ground to pass 1 mm screen for subsequent 90 
chemical analysis, in vitro gas production determination and NIR spectroscopy.  91 
2.2. Chemical Composition 92 
Dry matter (DM, method ID 934.01), ash (method ID 942.05) and crude protein (CP, method 93 
ID 984.13) contents were determined by procedures of the AOAC (1999). Neutral detergent fibre 94 
(NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL) were determined with the 95 
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ANKOM fibre analyzer (Ammar et al., 1999) using the regents described by Van Soest et al. 96 
(1991). Sodium sulphite, but not α-amylase, was added to the solution for NDF determination. 97 
Acid detergent insoluble N (ADIN) was determined by measuring the N content of the ADF 98 
residue by the macro-Kjeldahl procedure noted above. 99 
NDF and CP contents were used to divide the herbage samples into two sets, to obtain 100 
similar means and standard deviations in both groups for these two parameters. The calibration 101 
set (n = 62) was used to develop the prediction equations and the validation set (n = 32) with 102 
samples not included in the calibration set used to validate the prediction equations.  103 
2.3. In Vitro Gas Production Technique  104 
Three sheep fitted with a rumen cannula and fed alfalfa hay (1 to 1.2 kg DM/d) twice daily 105 
were used to obtain rumen fluid prior to the morning meal. The rumen fluid was filtered through 106 
four layers of gauze, and diluted in the proportion 1:5 (v/v) with a culture medium containing 107 
buffer and mineral solutions and prepared anaerobically as described by Van Soest et al. (1966). 108 
Incubations were completed in 120 ml serum bottles, weighing 500 mg of each forage sample 109 
and dispensing 50 ml of the buffered rumen fluid. Bottles were sealed and placed in the 110 
incubator at 39ºC. Gas production was measured at times of 3, 6, 9, 12, 16, 21, 26, 31, 36, 48, 60, 111 
72, 96, 120 and 144 h after inoculation, using a pressure transducer (Theodorou et al., 1994). 112 
Two incubation runs were completed in two weeks, the samples of the calibration set were 113 
incubated in the first run, and those of the validation set were incubated in the second run. Two 114 
serum bottles containing only buffered rumen fluid were incubated in each run as blanks and 115 
were used to compensate for gas production in the absence of substrate. Another two serum 116 
bottles containing the standard lucerne hay sample were incubated in each batch in order to 117 
correct the gas production data of the validation sample set. The correction of the gas volumes 118 
for a test sample incubated in a given run is calculated as:  119 
V
C
LH
LHGP
GPc
×= 0  (1) 120 
Eliminado: ..
METH 19 
 
 6
where: GPc and GP0 are the corrected and observed gas volumes for the test sample, respectively, 121 
and LHc and LHv are the gas volumes recorded for the standard Lucerne hay in the calibration 122 
and in the validation incubation runs, respectively. The correction used for gas volumes at each 123 
incubation time were based on calculations proposed by Menke and Steingass (1988). 124 
Each forage sample was incubated in duplicate. After the last gas measurement at 144 h, the 125 
serum bottles were opened and their contents were filtered using sintered glass crucibles (coarse 126 
porosity No. 1, pore size 100 to 160 µm) under vacuum and oven dried at 100ºC for 48 h to 127 
estimate potential DM disappearance at d 144. 128 
Gas production profiles were used to estimate fermentation parameters by fitting the 129 
exponential model proposed by France et al. (2000) to the cumulative gas production data as: 130 
[ ])(exp1 LtcAGP −−−=  (2) 131 
where: GP is the gas production (ml/500 mg DM) at each incubation time (t), A is the asymptotic 132 
gas production (ml), c is the fractional rate of fermentation (/h) and L is the lag time before 133 
fermentation started (h).  134 
The extent of degradation of DM in the rumen at any defined rumen passage rate (EDk) was 135 
estimated according to France et al. (2000) as: 136 
( ) kLk kc
dcED −+
×= exp144  (3) 137 
where: c and L are as defined in equation (2), k represents the rumen passage rate (/h) and d 144 138 
is potential DM disappearance. The two rumen passage rates used were 0.02/h, representative of 139 
a low level of DM intake and 0.06/h, representative of a high level of DM intake. 140 
2.4. Near Infrared Technology 141 
Herbage samples were scanned at 2 nm intervals over the NIR spectral range of 1100 to 2500 142 
nm using a spectrophotometer (Model InfraAlyzer 500, Bran+Luebbe GmbH, Norderstedt, 143 
Germany). Samples were scanned twice in duplicate re-packing, resulting in four spectra per 144 
sample, using two cells and recording absorbance data as log (1/R), with R being the reflectance. 145 
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The mean spectrum was used for each sample and, finally, different mathematical treatments of 146 
the spectra based on multiplicative scatter correction (The Unscrambler software version 8.0.5, 147 
Camo, Trondheim, Norway) with first or second order derivatives (SESAME software version 148 
2.1, Bran+Luebbe, New York, USA).  149 
2.5. Prediction Equations 150 
When NIR spectra were used to predict gas production parameters, all equations were 151 
obtained using partial least square regression by means of SESAME software. A cross-validation 152 
was performed to avoid over-fitting of the partial least square regression equations. This 153 
procedure to estimate in vitro gas production data was referred to as the direct method. 154 
For prediction of gas production parameters from chemical composition, independent variables 155 
were selected by stepwise multiple linear regression using SAS (1999). Once independent 156 
variables were selected, a cross-validation was performed using The Unscrambler program. 157 
Thus, the standard error of cross-validation (SECV) could be calculated and, hence, comparison 158 
with the NIR equations was possible.  159 
Finally, the equations were tested using the validation set samples. The optimum model for 160 
each parameter was selected on the basis of minimising the standard error of prediction (SEP) 161 
obtained for the validation set. Moreover, the different components of the mean square 162 
prediction error (MSPE) were analyzed by means of Theil decomposition (Theil, 1966) as:  163 
( ) ( ) ( ) ( ) 222222 1 OOp SrrSSPOn POMSPESEP −+−+−=−== ∑  164 
where: n represents the number of samples in the validation set, O the reference values, P the 165 
NIR predicted values, O  and P  the means of the reference and predicted values, S2o and S2p the 166 
variances of the reference and predicted values, and r the coefficient of correlation between 167 
reference and estimated values. These three terms are then standardised to derive proportional 168 
total MSPE due to bias (UM), regression (UR) and unexplained variance (UD) as: 169 
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( ) ( ) ( ) 11 2222 =++=−+−+−= DRMOOP UUU
MSPE
Sr
MSPE
rSS
MSPE
PO
MSPE
MSPE  170 
The concordance correlation coefficient (rc) for the validation set was calculated as suggested 171 
by Dhanoa et al. (1999) as: 172 
( )
( )222
222
POSS
SSS
r
PO
POPO
c −++
−+= −  173 
In contrast to a Pearson correlation coefficient, rc is a measure of both the linear relationship 174 
between the reference and the NIR predicted values as well as the agreement between both of 175 
them, indicating the strength of the relationship between both values lying along the equality 176 
line, assuming that the intercept is zero and the slope is 1 (i.e., the 45° line through the origin).  177 
In addition, NIR prediction equations were developed to estimate gas volumes at 3, 6, 9, 12, 178 
16, 21, 26, 31, 36, 48, 60, 72, 96, 120 and 144 h of incubation. The NIR spectra of the 32 179 
validation samples were used to estimate incubation time gas volumes, and the exponential 180 
model proposed by France et al. (2000) was fitted to the new gas profiles in order to estimate the 181 
gas production parameters A, c and L. This procedure to estimate in vitro gas production data 182 
was referred to as the alternative method. 183 
 184 
3. Results and discussion 185 
3.1. Relationship between chemical composition and gas production kinetic parameters 186 
The mean values, ranges and standard deviations of the chemical components CP, NDF, 187 
ADF, ADL and ADIN and the in vitro gas production parameters A, c, L, GP24, GP96, ED03, 188 
ED06 and d144 are in Table 1. Chemical composition, fermentation kinetic parameters and extent 189 
of degradation in the rumen had considerable  variation due to differences among samples in 190 
botanical composition (i.e., proportion of grasses and legumes) and maturity. However, mean 191 
values, ranges and standard deviations were similar for the calibration and validation sets, with 192 
differences that accounted for less than 10% (mean values) and 25% (standard deviations), 193 
showing that the sample sets were comparable (Moya et al., 1995). 194 
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Table 2 shows the matrix of Pearson correlation coefficients between gas production 195 
parameters and chemical composition. The correlations were, in general, similar in sign and 196 
magnitude for both the calibration and validation sets. Thus, the c parameter had positive 197 
correlations with CP, ADIN and ADL contents, and a negative correlation with the NDF content, 198 
whereas parameter A had negative correlation coefficients with these chemical fractions. 199 
All correlations could be attributed, in part, to the differing botanical composition of the 200 
herbage samples. It is well known that grasses, unlike legumes, have a higher proportion of cell 201 
wall, though less lignified, and a lower proportion of cell contents that are readily digestible 202 
(Ulyatt, 1981; Van Soest, 1994). In contrast, despite the higher lignification of legume cell walls, 203 
rate of fermentation is faster for legumes than grasses, owing to the surface properties of the cell 204 
wall of dicotyledons (Donefer, 1970; López et al., 1991). These factors could explain why 205 
herbage samples with a higher proportion of grasses, such as herbage from the first cut of the 206 
meadows, could have had slower rates of fermentation (c), but higher asymptotic gas production 207 
(A). On the contrary, herbage samples with a higher proportion of legumes (i.e., summer and 208 
autumn re-growths) showed higher rates of fermentation (c) but lower asymptotic gas production 209 
(A). The lower A value of legumes could be due to higher lignin contents and also to higher 210 
content of CP that contributes to a lesser extent than carbohydrates to total gas production 211 
(Menke and Steingass, 1988; López et al., 1998; Cone and Van Gelder, 2000). All results are 212 
consistent with those reported in other comparative studies examining rate and extent of ruminal 213 
degradation of temperate legumes and grasses using a gas production technique (Khazaal et al., 214 
1993, 1995; Ammar et al., 1999). 215 
3.2. Prediction of gas production parameters 216 
Near infrared spectra and chemical composition data, selected by stepwise multi-linear 217 
regression, were used as independent variables to predict gas production kinetic parameters. The 218 
accuracy of prediction achieved in each case can be assessed from the statistics in Table 3. With 219 
the exception of d 144 and lag time (L), all gas production kinetic parameters, and extent of 220 
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degradation in the rumen (ED), could be satisfactorily predicted from NIR spectra, with robust 221 
calibration equations (R2 >0.80) and acceptable validation (RPD > 2.5 for GP24, GP96, A and c; 222 
RPD > 2.0 for ED). Williams and Sobering (1993) suggested that RPD should be higher than 2.5 223 
in any equation with an acceptable predictability. For these variables, the standard error of 224 
calibration (SEC) accounted for less than 5.1%, whereas SECV and SEP amounted to less than 225 
7% of the mean value of the corresponding parameter. 226 
Cumulative gas production volumes (GP24 and GP96), fractional fermentation rate (c) and 227 
extent of DM degradation in the rumen at different assumed passage rates (ED03 and ED06) had 228 
better calibration statistics when NIR spectra were used as independent variables (Table 3), 229 
despite strong correlations between these parameters and chemical composition (Table 2). This 230 
could be due to NIR spectra containing information about not only the chemical components 231 
(i.e., chemical bonds and functional groups of the compounds), but also about other chemical 232 
and physical properties of the samples. NIR spectra can explain a high proportion of the 233 
variability related to NDF and CP contents of botanically complex samples (García-Ciudad et al., 234 
1993; Andrés et al., 2005), and are related to other attributes of the herbage material scanned, 235 
such as the particle size of the sample and/or the chemical bonds between lignin and 236 
hemicelluloses, factors that may have an effect on fermentation kinetics parameters estimated by 237 
the in vitro gas production technique. With regard to the asymptotic gas production (A), the 238 
statistics were very similar to those for the GP96, and in both cases the best equation of 239 
prediction using NIR spectra was that obtained from raw absorbance data without mathematical 240 
treatment, probably as a result of the strong correlation between both parameters (r = 0.98; P < 241 
0.0001). However, the lag time (L) could not be predicted by either chemical composition data 242 
or the NIR spectra (Table 3). 243 
As expected, in comparison to the prediction of the chemical composition of similar forages 244 
using NIR spectroscopy technology (García-Ciudad et al., 1993; Andrés et al., 2005), statistics 245 
assessing the performance of the calibration equations were not as good when spectra were used 246 
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to predict some nutritional attributes, such as the rumen fermentation kinetics, estimated by the 247 
gas production technique. Parameters measured by biological methods are subject to higher 248 
uncontrolled variability due to a multiplicity of sources of experimental and sampling error (e.g., 249 
differences between animals, days, incubation runs, replicates) that can affect predictive 250 
capability of NIR equations that are highly dependent upon the error of the reference method. 251 
Accuracy in the determination of reference values for use in development of NIR prediction 252 
equations is critical, as the accuracy of the NIR prediction are only as good as the reference 253 
values used for calibration (Coates, 2002). Hence, a higher level of tolerance might be applied 254 
when evaluating prediction statistics of rumen fermentation parameters using NIR spectral data. 255 
Even so, the lag time (L) could not be successfully predicted by NIR spectra, with poor 256 
calibration and validation statistics. The lag phenomenon is not fully understood biologically, 257 
and thus the actual definition of lag time is mainly mathematical. 258 
In the present study, samples for calibration and validation were incubated in different 259 
batches, and a standard feed (i.e., Lucerne hay) was used to account for possible variation in 260 
rumen fluid with time, given the large differences among incubation runs that are usually higher 261 
than 10% of the mean, and can be up to 50% (Van Laar et al., 2000). It is possible that the 262 
reproducibility of reference values could be improved by incubating feeds in various, rather than 263 
single, batches or by using rumen fluid from individual animals so that experimental error, and 264 
not just analytical error, is considered.  265 
There are not many results reported that examine the ability of NIR spectra to predict 266 
fermentation kinetic parameters estimated by an in vitro gas production technique. Consistent 267 
with our results, Goodchild et al. (1998) observed that gas production produced when some 268 
forage legumes were incubated in vitro could be predicted accurately (R2 > 0.95; SECV = 7.2 269 
ml/g) by NIR spectra. However, Herrero et al. (1996) found low coefficients of determination 270 
(R2 = 0.60 to 0.78) for the cross validation of volumes of gas produced at 6, 12, 24, 36 and 48 h 271 
when incubating kikuyu grass in vitro. The calibration and cross-validation of equations using 272 
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NIR spectra were even poorer for shorter or longer incubation times, whereas the kinetic 273 
parameters A, c and L could not be successfully calibrated (Herrero et al., 1996). In a later study, 274 
Herrero et al. (1997) considerably improved the prediction of gas volumes at all incubation times 275 
by using a spectrally structured sample population for calibration. However, in this study the gas 276 
kinetic parameters estimated using various exponential models could not be calibrated and 277 
validated using NIR spectra, and so attributed lack of fit of the NIRS equations to the nonlinear 278 
nature of some of these parameters (Herrero et al., 1997).  However, Fakhri et al. (1999) reported 279 
that NIR could accurately predict asymptotic gas production for a variety of concentrate feeds, 280 
and Lovett et al. (2004) reported an acceptable ability (R2 = 0.60 to 0.80) to predict kinetics of 281 
gas production for maize silage. The discrepancies in all of these studies may be attributed to the 282 
different feeds used in each case for development of prediction equations, the number of samples 283 
used for calibration and validation and variation in reference values. The number of samples 284 
used and the variation in the reference values were higher in the present study than in previous 285 
reports, explaining in part the better performance of our NIR prediction equations. In fact, 286 
Herrero and Jessop (1998) observed that all gas volumes were more accurately predicted using 287 
NIRS when the range of values was extended by using more forages.  288 
Herrero et al. (1997) reported better predictions of gas volumes, vs. kinetic parameters, 289 
estimated by fitting nonlinear models to gas production data. Therefore they suggested that 290 
instead of developing equations to predict those kinetic parameters from NIR spectra, it would be 291 
more suitable to calibrate static gas volumes, and then to use predicted values to fit appropriate 292 
models to estimate fermentation kinetic parameters. To investigate this approach, NIR prediction 293 
equations were developed using our calibration set of samples for cumulative gas volumes at 3, 294 
6, 9, 12, 16, 21, 26, 31, 36, 48, 60, 72, 96, 120 and 144 h of incubation. Gas volumes at these 295 
incubation times were then predicted for the 32 samples of the validation set from their NIR 296 
spectra, and the exponential model was fitted to the new gas profiles in order to estimate the gas 297 
production parameters A, c and L. The statistics resulting from the comparison between the 298 
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kinetic parameters estimated by fitting either the observed (i.e., actual) or the NIR predicted gas 299 
volumes are in Table 4 (i.e., alternative method). Validation statistics and concordance 300 
coefficients were satisfactory for all parameters, except L. Comparing results from Tables 3 301 
(direct method) and 4 (alternative method), it seems that the later method resulted in worse 302 
predictions of GP24, kinetic parameters A and c, and extent of degradation (ED). This could be 303 
due to errors inherent to the two stage process required (i.e., estimation by NIRS of gas volumes 304 
with subsequent application of the model proposed by France et al. (2000)). Lag time (L) could 305 
not be satisfactorily predicted by any approach, indicating the likely lack of precision in its 306 
reference values. 307 
 308 
4. Conclusions  309 
Gas production parameters were more accurately predicted using NIR spectroscopy than 310 
chemical composition data, perhaps due to NIR spectra containing information about chemical 311 
components as well as the physical properties of the sample. Accuracy of prediction of gas 312 
production parameters was not improved when gas volumes at each incubation time were 313 
predicted. In general, it seems that standardisation of this gas production procedure to minimise 314 
the influence of some sources of experimental error, and increase the repeatability and 315 
reproducibility of the measurements and parameter estimates, is critical to improving the 316 
prediction of gas production parameters from NIR spectra. 317 
 318 
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Table 1 
Range, mean and standard deviation of the chemical data (ash, CP, NDF, ADF, ADL and ADIN) 
and gas production parameters of the calibration and validation sets 
 Calibration set (n=62) Validation set (n=32) 
 Range Mean  SD Range Mean SD 
Chemical parameters 
(g/kg DM) 
     
Ash 61 – 201 93 20.5 65 – 149 98 20.3 
CP 52 – 179 118 28.1 58 – 168 121 33.4 
NDF 359 – 684 518 77.9 392 – 673 484 92.9 
ADF 210 – 383 290 40.6 222 – 422 276 52.0 
ADL 11.2 – 55.4 31.5 10.16 16.4 – 63.5 43.8 13.69 
ADIN 0.49 – 4.45 2.23 1.113 0.4 – 5.5 3.13 1.580 
Gas parameters       
GP24 (ml) 78 – 128 104 11.0 84 – 121 109 10.4 
GP96 (ml) 125 – 160 146 7.4 127 – 160 145 7.1 
d144 0.68 – 0.82 0.74 0.031 0.63 – 0.77 0.73 0.028 
A (ml) 125 – 163 147 7.9 129 – 161 146 7.6 
c (/h) 0.030 – 0.080 0.055 0.0118 0.037 – 0.079 0.063 0.0134 
L (h) 0.09 – 1.77 1.06 0.357 0.14 – 1.46 0.81 0.309 
ED03 0.36 – 0.58 0.46 0.047 0.37 – 0.52 0.48 0.041 
ED06 0.23 – 0.44 0.33 0.045 0.25 – 0.39 0.35 0.040 
 
GP24 and GP96: gas production (ml/500 mg DM) at 24 and 96 h of incubation; d 144: potential 
DM disappearance at the end of the fermentation time; A: asymptotic gas production; c: fractional 
rate of fermentation; L: lag time before degradation started; ED03 and ED06: effective ruminal 
degradability of DM at different rumen passage rates (0.03 and 0.06/h) 
 
METH 19 
 
 
Table 2 
Coefficients of Pearson correlation between some chemical data (CP, NDF, ADL and ADIN) and the gas production parameters and the  
 Calibration set (n=62)  Validation set (n=32) 
 CP NDF ADL ADIN  CP NDF ADL ADIN 
GP24 0.578 -0.798 0.136 0.468  0.607 -0.843 0.554 0.604 
GP96 -0.365 0.273 -0.645 -0.566  -0.508 0.292 -0.568 -0.574 
D 144 0.410 -0.297 -0.435 -0.048  0.160 -0.128 -0.392 -0.201 
A -0.503 0.436 -0.685 -0.670  -0.616 0.431 -0.657 -0.677 
c 0.783 -0.952 0.456 0.774  0.817 -0.951 0.805 0.866 
L 0.212 0.022 -0.046 0.095  0.496 -0.384 0.489 0.577 
ED03 0.772 -0.875 0.178 0.572  0.784 -0.878 0.507 0.637 
ED06 0.769 -0.909 0.255 0.625  0.800 -0.914 0.588 0.695 
GP24 and GP96: gas production at 24 and 96 h of incubation; d 144: potential DM disappearance at the end of the fermentation time; A: asymptotic gas production; c: 
fractional rate of fermentation; L: lag time before degradation started; ED03 and ED06: effective ruminal degradability of DM at different rumen passage rates (0.03 and 
0.06/h) 
Calibration set: P < 0.05 if |r| > 0.250; P < 0.01 if |r| > 0.325; P < 0.001 if |r| > 0.408 
Validation set: P < 0.05 if |r| > 0.349; P < 0.01 if |r| > 0.448; P < 0.001 if |r| > 0.553 
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Table 3 
 
Prediction of gas production parameters by chemical data and NIRS technology (direct method) 
 
Y X variables  R2 SEC SECV SEP UM UR UD RPD rc 
GP24 Chemical data NDF, Ash, ADL 0.789 5.022 5.579 6.757 0.393 0.135 0.472 1.539 0.823 
 NIRS technology  NIR spectra (MSC+2D), p = 3 0.889 3.648 4.319 3.877 0.000 0.223 0.777 2.673 0.936 
GP96 Chemical data Ash, ADL, LIG, CP 0.767 3.542 3.851 3.910 0.386 0.090 0.524 1.816 0.861 
 NIRS technology  NIR spectra (log(1/R)), p = 6 0.827 3.052 3.761 2.416 0.032 0.002 0.967 2.898 0.934 
d144 Chemical data ADL, LIG 0.607 0.019 0.020 0.022 0.011 0.091 0.899 1.296 0.665 
 NIRS technology  NIR spectra (2,10,5), p = 6 0.667 0.019 0.023 0.019 0.045 0.041 0.914 1.485 0.743 
A Chemical data Ash, ADL, LIG, CP 0.819 3.328 3.624 3.716 0.483 0.092 0.426 2.045 0.895 
 NIRS technology  NIR spectra (log(1/R)), p = 5 0.801 3.492 4.012 2.711 0.098 0.027 0.875 2.797 0.926 
c Chemical data NDF 0.906 0.0036 0.0037 0.0043 0.111 0.094 0.796 3.116 0.945 
 NIRS technology  NIR spectra (2,4,4), p = 4 0.941 0.0028 0.0038 0.0038 0.000 0.256 0.744 3.351 0.959 
L Chemical data - - - - - - - - - - 
 NIRS technology  NIR spectra (MSC+2D), p = 3 0.597 0.225 0.267 0.288 0.528 0.000 0.472 1.074 0.569 
ED03 Chemical data NDF, ADL 0.848 0.019 0.019 0.021 0.224 0.125 0.651 1.964 0.882 
 NIRS technology  NIR spectra (2,6,4), p =6 0.941 0.012 0.016 0.020 0.009 0.357 0.634 2.015 0.898 
ED06 Chemical data NDF, ADL 0.875 0.016 0.017 0.020 0.288 0.154 0.558 2.006 0.891 
 NIRS technology  NIR spectra (2,6,4), p = 6 0.953 0.010 0.014 0.018 0.000 0.368 0.632 2.275 0.919 
GP24 and GP96: gas production at 24 and 96 h of incubation; d 144: potential DM disappearance at the end of the fermentation time; A: asymptotic gas production; c: fractional rate of fermentation; L: lag time before 
degradation started; ED03 and ED06: effective ruminal degradability of DM at different rumen passage rates (0.03 and 0.06/h); NIR spectra (-, -, -) = pre-treatment of the NIR spectra, where the first number is the derivative 
order, the second number is the gap between points used to calculate the difference and the last one is the number of data points used to smooth the data; MSC = multiplicative scatter correction; 2D = second order derivative; 
R = reflectance; p = number of terms in the equation; LIG = degree of lignification of the cell wall calculated as ADL/NDF; R2 = coefficient of determination; SEC = standard error of calibration; SECV = standard error of 
cross-validation; SEP = standard error of prediction; UM, UR and UD = proportion of MSPE corresponding to the bias, regression and unexplained variance, respectively; RPD = ratio performance deviation (SDref data/SEP); 
rc = concordance correlation coefficient 
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Table 4 
 
Gas production parameters obtained when the model proposed by France et al. (2000) was fitted to the gas production volumes estimated by NIRS (alternative method) 
for the validation set (n = 32)  
Y R2 SEP UM UR UD RPD rc 
GP24 0.866 5.161 0.061 0.416 0.523 2.016 0.901 
A 0.821 3.183 0.001 0.013 0.986 2.389 0.895 
c 0.880 0.0051 0.001 0.273 0.727 2.643 0.929 
L 0.459 0.376 0.513 0.132 0.355 0.822 0.499 
ED03 0.918 0.016 0.121 0.375 0.505 2.010 0.934 
ED06 0.912 0.016 0.181 0.311 0.507 2.068 0.929 
 
 
 
 
